Abstract Many clinicians hoped that the completion of the Human Genome Project would result in "individualized drug therapy," i.e., determining the right medication at the right dose 100% of the time based upon the individual's genetics. The pharmacogenomic prediction of drug efficacy and safety has not become a reality due to continuing realization of the complexity dictating the human-drug interaction. New methods of metabolomics, proteomics, and transcriptomics that account for this complexity hold promise for translational researchers hoping to increase drug efficacy and decrease drug toxicity.
The 'Omics Genomics
The study of the human genome encompassed by all human genes and the attendant variability of the contained DNA Transcriptomics The study of how the human genome is expressed. Changes in epigenomic, local cellular environment, and expression of other genes can alter the human "transcriptome" Proteomics
The study of proteins and their variability in human disease states. The proteome may vary between different individuals and even different organs and cells within the same individual Metabolomics
The quantitative measurement of endogenous and exogenous metabolic products to measure metabolic response or predict disease. This sensitive approach may be altered by minute-to-minute changes and accounts for upstream variations in an individual's genome, transcriptome, and proteome Definitions Allele One of two DNA segments, or genes, that exist at a single locus. One allele is from the father, and one is from the mother. Alleles follow the Hardy-Weinberg distribution in the population (p 2 +pq+q 2 =population frequency) where p is the major allele and q is the genetic variant.
Complex disease
Disease states that are a result of multiple genetic polymorphisms across the entire genome leading to a bell-shaped curve of phenotypic expression. Examples include obesity, pain, and heart disease which are affected by numerous genes with allelic heterogeneity resulting in a wide-range disease.
Epigenetics
Environmental factors that regulate gene expression but are not inherently part of the genome. These factors include DNA methylation, variations in histone wrapping, RNA silencing, among other factors. Genotype DNA sequence of an individual organism. High-penetrance polymorphic disease (hPpM) Diseases that are determined primarily by a single gene with redundancy within the biologic output leading to preserved phenotype. An example of these relationships is CYP drug metabolism in which other CYP enzymes will contribute to drug metabolism when the target enzyme is deficient. This leads to preservation of phenotype except when a patient has a deficiency at both enzyme loci.
Monogenic disease
Diseases that have a high penetrance due to single allelic polymorphisms. Examples include cystic fibrosis, Gaucher's disease, and phenylketonuria. Penetrance
Percentage of individuals that express a phenotype associated with a genotypic variation. Phenotype Biologic, physiologic, morphologic, or behavioral trait expressed by an organism. Polymorphism Expression of multiple phenotypes in a population.
Introduction
Pharmacogenomics is the study of the interaction between the human genome and clinical drug response. Upon completion of the Human Genome Project, many expected rapid advancement toward "individualized drug therapy." However, despite continued discovery of the genetic polymorphisms affecting drug pharmacokinetics and pharmacodynamics, individualized drug therapy has not been widely achieved in clinical practice [1, 2] . Drug-drug interactions, environmental interactions, and polymorphism in drug targets limit the ability to predict drug response in the individual patient [3] . Due to the complexity of xenobiotic interaction with the human body, drug response cannot be predicted by genetic polymorphism alone; rather, response must be viewed as a complete biologic system. The objective of this manuscript is to: (a) describe the translational issues that have limited the application of genotype analysis from predicting individual patient phenotype and (b) introduce an approach that integrates targeted metabolomic panels with specific genotyping assays to improve predictive efficiency of drug response.
Part A: Predicting Medication Response Based on Genotype
The difficulty in predicting phenotype based upon genotype is a product of the complexity of the human-drug interaction. Each stage of drug absorption, distribution, metabolism, and elimination (ADME) is subject to genetic polymorphism and subsequent phenotype variation. There is further polymorphism in drug targets and cellular signaling mechanisms that ultimately mediate the response to a medication (Fig. 1) .
The Importance of ADME Clinical efficacy and toxicity of pharmaceutical therapy are affected by all stages of this pharmacokinetic model (Fig. 1) . When a drug is ingested, absorption may be affected by the dose, enteric bacteria colonization, local pH variability, co-morbid intestinal pathology, among other factors. Transporters are often required to facilitate drug absorption into the portal circulation. These transporters are affected by the same genetic variability as other proteins in this model resulting in a range of drug delivery to the liver [4] [5] [6] . Measurement of baseline metabolic products (metabolomics) may reflect an individual's metabolic capacity and risk of toxicity when drugs are introduced [7] [8] [9] [10] . Drug distribution is dependent upon multiple factors including drug transporters and body habitus resulting in variability in the amount of drug reaching the target tissue. Elimination is similarly affected by transporter polymorphism, local biochemical conditions, such as pH, and alterations in glomerular filtration rate. Decreased elimination increases the exposure to pharmaceutical agents and increases the risk of toxic effects. All of these factors contribute to the ultimate drug response phenotype experienced by the individual patient. Hepatic metabolism is a point of major intersection in drug therapy and therefore much research has focused on variability in these enzymes.
Genomics of Drug Metabolizing Enzymes
The liver plays the central role in drug metabolism in the human body. The vast majority of pharmaceuticals are metabolized by the phase 1 cytochrome P450 system (CYP); therefore, much pharmacogenomic work has focused on genetic polymorphisms of these enzymes. It is estimated that more than 90% of known drugs are metabolized by CYPs 1A2, 2C9, 2C19, 2D6, 2E1, and 3A4 [11] . Polymorphisms in CYP enzymes once seemed likely to be responsible for the majority of variability in drug response between patients. Indeed, numerous genetic variants have been identified, and these may be associated with variation in drug metabolism. These polymorphisms may lead to adverse drug effects and increased or decreased clinical drug response. New CYP polymorphisms are discovered every year. Many major genetic variations affecting these enzymes have been identified although the phenotype is often discordant from the expected CYP genotype [12] [13] [14] [15] . Reasons for discordance have not been fully characterized though several of the contributing factors will be discussed in the sections below. In addition to the expense and time required for CYP genotyping, not all allele variants have been identified, and undiscovered variants may contribute significantly to enzyme expression in certain populations. This has obvious implications for the predictive efficacy of currently available genotyping assays. For instance, the Roche AmpliChip, the only FDA-approved microarray assay, detects 33 distinct CYP2D6 alleles [16] . Unfortunately, this represents only a quarter of the known alleles to date [17] . Therefore, it is probable, even likely, that Fig. 1 The complexity of drug response in the individual patient: 1 Drug ingested-Variations in drug dose may affect efficacy. 2 Drug absorption-Variations in the local gastrointestinal environment (acid concentration, absorption surface, bacteria, gut motility, etc) may affect the amount of drug available for absorption. 3 Translocation into blood-Drug crosses the intestinal epithelium, some is metabolized at the intestinal brush border; then the drug and its metabolites enter the portal vein and travel to the liver. Polymorphisms in drug transporters as well as changes in blood flow may affect drug delivery to the liver. 4 Hepatic DMEs-If there is low enzyme capacity, the drug may be shunted to other DMEs resulting in alternative metabolites with variable activity. Drug inhibitors or inducers may change the percentages of drug metabolites entering systemic circulation. 5 Systemic circulation-After leaving the liver, drug metabolites are sent to target organs and cleared by the kidneys. Blood flow and transporters may affect the amount of active metabolite reaching the drug target and the subsequent drug clearance. 6 Target receptor-The expression of drug target receptors may affect the clinical response. Variations in overall number, affinity for the drug, and the presence of inhibitors may result in variable clinical response. 7 Clinical response-May be affected by upstream variations as well as changes in downstream second messenger systems leading to variable phenotypic response. 8 Genetic polymorphismEach step may be effected by gene polymorphism. In addition, local DNA/RNA environmental factors may affect transcription and translation. Given that each step is dependent on multiple genes, the range of phenotypes expressed is enormous for complex diseases. Ultimately, it is unlikely for identification of single mutations to determine individual patient phenotypes clinically significant alleles have yet to be identified, and current screens have predictive shortcomings.
In addition to unrecognized polymorphisms, very few pharmaceuticals are metabolized by a single CYP isoenzyme. The CYP enzyme system has inherent redundancy that alters clinical response to drugs when enzyme activity is altered by genetic polymorphism or drug interactions. When one isoform is not available (due to inhibition, downregulation, or nonexpression) drugs may be shunted through alternative CYP enzymes resulting in alternative metabolites with varying affinity for the target receptor. Samer et al. elegantly demonstrated this phenomenon by inhibiting CYP 3A4 and showing that oxycodone is then metabolized by CYP2D6 to a more potent metabolite [18] . Thus, characterization of the full spectrum of CYP metabolic capacity and understanding of the drug affinities for specific enzymes are necessary to predict the metabolite profile in an individual patient.
The liver is the site of many phase 2 drug metabolizing enzymes (DMEs) that facilitate drug conjugation to enhance elimination. Polymorphism in these enzymes generally does not significantly affect drug clearance because the ratelimiting metabolism is typically dictated by phase 1 DMEs. However, alterations in the conjugation rate of reactive intermediates may lead to increased toxicity of metabolites [19] . This was first demonstrated with the association of peripheral neuropathy in isoniazid "slow acetylators" [20, 21] . Isoniazid is primarily metabolized by N-acetylation. "Slow acetylators" shunt isoniazid through an alternative CYP isoenzyme to form isonicotinic acid, a neurotoxin that is typically produced in only small amounts by "rapid acetylators" [19] .
Finally, patients with the same genotype may not have similar DME activity due to altered gene expression from drug and environmental factors. For instance, smoking affects the clinical efficacy of multiple drugs through several mechanisms [22] [23] [24] . Induction of CYP1A2 by active [25, 26] and passive [27, 28] smoke inhalation can decrease serum theophylline concentrations. Epigenetic modifications such as DNA methylation, histone modification, and expression of non-coding RNAs that contribute to DNA gene expression have also been increasingly recognized as important in gene expression and likely affect drug efficacy [29] . While effort is underway to characterize these factors in a "human epigenome project," these DNAenvironmental factors are not readily predictable at this time. Further characterization of these factors is necessary before we can predict translation of genes into the DMEs responsible for drug metabolism.
Polymorphisms in Drug Targets
Independent of drug-CYP interactions, clinical response to drugs is affected by polymorphism in the drug targets [30] .
An attempt to characterize the variability in warfarin doses based upon CYP2C19 and the drug target vitamin K epoxide reductase complex (VKORC1) polymorphisms demonstrated that VKORC1 had a greater effect on the warfarin dose requirement then CYP polymorphisms [31] . Polymorphisms in the beta-2 adrenergic receptor have been associated with variation in the phenotypic response to asthma pharmaceuticals [32] . Opioid receptor variants have been associated with decreased signaling in the cellular pathway determining pain perception [33] . Downstream drug target polymorphisms must be characterized to understand the drug and metabolite interactions that lead to clinical response.
Monogenetic Versus Polygenetic Diseases
In order for a genotype to completely predict a phenotype, drug response must be independent of upstream and downstream genetic and environmental variations. A simple mathematical calculation reveals that increasing the number of genes involved increases the variability in resulting phenotype. For instance, under ideal Mendelian conditions, if only one gene represented by two alleles determines the phenotype, the Hardy-Wienberg equilibrium dictates a 1:2:1 proportion of the four possible genotypes expressed. However, as more genes contribute to the trait, the number of potential genotypes increases so that 2 genes with 2 alleles result in 16 genotypes, 3 genes with 2 alleles result in 64 genotypes, and so on.
Phenotype can be predicted by genotype only in the simplest drug response or toxicity interactions. These relationships are present in monogenic diseases or in extreme phenotypes that have little or no biologic redundancy in the system [30, 34] . An example of a simple genetically identifiable phenotype is Gaucher's disease. This is a monogenic disease in which identification of a mutant allele results in an enzyme deficiency and thus, disease. This glucocerebrosidase enzyme can be replaced restoring the phenotype to near normal. No significant protein redundancy exists in this system; therefore, inability to make a functional protein directly leads to disease.
More complex diseases such as coronary artery disease or obesity are dependent upon many genes (polygenic) and environmental factors leading to a wide range of phenotypes that are virtually impossible to predict with genomics alone. Drug response is not as simple as Gaucher's disease but also not as complex as obesity due to the occurrence of major funnel points in the human ADME model. Funnel points represent areas of the human-drug interaction where numerous upstream variables convene and subsequent downstream phenotype is determined by only a few factors. Phenotyping of funnel points accounts for the complexity of the upstream contributory factors. Hepatic DME activity represents an important funnel point in the human-drug interaction.
The expression of human CYP450s can be characterized as high-penetrance predominantly monogenic (hPpM) traits [30] . hPpM traits are primarily determined by a single gene with redundancy within the biologic output leading to preservation of the phenotype when a deficiency of one enzyme occurs. Clinical examples of this phenomenon are toxicity associated with HLA polymorphisms in patients given carbamazepine [35, 36] , CYP2D6 deficiency leading to ineffective analgesia with codeine [37, 38] , or increased CYP2D6 activity leading to opioid toxicity [39] [40] [41] . In these cases, genotypic characterization allowed for prediction of drug efficacy or toxicity at the extremes of the phenotypic distribution. Perfect prediction of phenotype is not possible with these traits, but identification of the extreme phenotypes, represented by complete lack of efficacy or severe drug toxicity, may be achieved due to failure of redundancy at these extremes of gene expression.
Given the above limitations, we must realize that genotype cannot be expected to predict phenotype in complex diseases. However, functional studies at complex funnel points may allow for phenotypic characterization that ultimately predicts the human-drug response at these intersections. Functional studies represent a shortcut around full characterization of each of the contributing factors at complex intersections.
Part B: A Systems-Based Approach
While further research is necessary to identify isolated enzyme or target polymorphisms that predict drug efficacy and toxicity, these polymorphisms are likely to represent only a minority of clinically significant variations. Warfarin dose requirements were only 41% predictable when researchers focused upon demographics, CYP, and drug target genotypes [31] . Integrating pharmacogenomic and functional studies into panels, here forth referred to as biologic systems panels (BSPs), may allow for more efficient prediction of individual drug response and limitation of toxicity. Characterization of phenotype at complex intersections and genotypes at simple funnel points integrated in a pharmacokinetic and pharmacodynamic model can improve drug therapy by excluding patients at risk of toxicity and allowing for increased doses in other drug-resistant patients. This approach may serve to broaden the acceptable therapeutic window (Fig. 2) . Below we will suggest a BSP approach for study of predictive efficacy and toxicity of drug therapy.
Phenotyping to Integrate Complex Pathway Function
Phenotyping of an individual's DME activity has advantages over genotyping in complex pharmaceutical systems. As discussed above, genotyping cannot readily predict phenotype in biologic systems dependent upon multiple genes and environmental factors. Phenotyping takes genome interactions into account and functionally characterizes the metabolic enzyme in question. Phenotyping of the CYP system may be accomplished using a drug "cocktail" that contains several probe drugs allowing characterization of multiple CYP enzymes at the same time [42, 43] . Taken together, this can account for CYP redundancy. New methods allow for quantitative serum measurements of a probe drug and their metabolites [32, [43] [44] [45] after admin- Fig. 2 Population response versus toxicity: The area between the curves represents the therapeutic range in which efficacy is outweighed by the toxicity. At higher doses, the efficacy and toxicity lines begin to converge making the risk of toxicity not worth the increased efficacy. BSPs may allow exclusion of patients at risk of toxicity and allow for increased doses in drug-resistant patients. This can increase the area between these lines thereby increasing efficacy and decreasing toxicity for a specific drug istration of "microdoses" of probe drugs. This phenotyping approach can be considered targeted "metabolomics." Advantages of this serum-based approach include development of a metabolic curve within several hours compared to the more time-consuming urinary clearance methods [46] . Microdosing allows for administration of small probe drug doses minimizing the possibility of clinical effects from probe drugs as well as decreasing the risk of interaction between the probe drugs themselves [47] . Serum measurements are more precise and are not prone to the same pHdependent inaccuracies associated with urinary metabolic ratio studies [46] . Serum testing is ideal for emergency department (ED) phenotyping since many subjects do not spend adequate time in the ED for urinary studies, and many subjects in this venue have co-morbid diseases that may affect urinary studies.
Metabolomic phenotyping accounts for variability in absorption, CYP gene expression, transporters, as well as the redundancy in the system allowing for better characterization of the true individual patient metabolic potential. Metabolomics represents a sensitive quantitative approach that accounts for upstream and downstream variables limiting the predictive efficacy of DME genotyping. This approach may be a more efficient method to predict dose and toxicity associated with an individual's metabolic capacity.
Genomic, Transcriptomic, and Proteomic Characterization of Simple Determinants of Drug Response
The next major intersection of drug therapy occurs at the drug target site. Major drug classes target specific physiologic receptors such as the alpha-and beta-adrenergic receptors, u-opioid receptors, serotonin, or dopamine transporters. Identification of polymorphism in drug targets may help to improve drug efficacy. Characterization of these polymorphisms can be achieved with genomics using PCR or microarray methods, transcriptomics utilizing microarray assays to determine changes in gene expression [48] , and proteomics using a variety of methods to determine the protein variability in human disease [49, 50] . Polymorphisms can affect binding, and their identification can be rapidly performed with these screening assays. Using transcriptomics and proteomics requires measurement of gene products, RNA, and proteins, respectively, within the target tissue limiting their application if the target is only present in an in situ organ. Drug-receptor pharmacodynamic interactions are simpler than determining receptor expression for several reasons. There is little redundancy in many of these interactions since pharmaceutical agents target specific receptors or proteins at a cellular level. Simple ions or chemicals rather than proteins mediate downstream cellular signaling following receptor binding thus eliminating much of the variability associated with downstream transcription and translation. However, subtle changes in the local cellular environment may still have implications for phenotypic expression. Identification of polymorphisms associated with extreme phenotypes is likely to represent the highest clinical utility and is more likely to have genotype-phenotype concordance. For instance, opiate receptor polymorphisms contribute significantly to pain perception and likely contribute to efficacy, independent of metabolic capacity [37] . Identification of this genetic variant may improve analgesic effect from prescribed opioids since u-receptor binding is dose dependent. Opioid potency is likely to be more predictable via genotyping in opioid-naive patients prior to changes in expression of cellular receptors and downstream signaling machinery associated with chronic use. Since chronic users have proven themselves tolerant to the clinical effects at lower doses, decreased efficacy can only be explained by changes in receptor number or downstream cellular signaling. A transcriptomic or proteomic approach would be favorable in chronic users, though brain tissue samples are not readily available. Utilizing the extreme phenotype approach, however, genotype analysis can identify polymorphisms that are associated with extreme non-responder or phenotypes predisposed to toxicity.
Biologic Systems Panel
These approaches may be combined in order to improve the predictive efficiency of opioid drug therapy. We are unlikely to fully individualize drug therapy due to the complexity of these biologic systems. A more realistic goal should be to eliminate ineffective therapies and limit major toxicities characterized by extension of therapeutic effects. This may be accomplished by employing functional metabolomic studies with selective genomic, transcriptomic, or proteomic characterization of extreme discordant phenotypes at simpler intersections. If a patient's CYP phenotype is combined with genotyping of the drug target and creatinine clearance to account for variability in elimination, then predictions can be made regarding metabolic capacity, receptor affinity, and area under the curve of the active metabolites. This may allow for more efficient dosing of a drug and improved clinical efficacy in the phenotypic extremes. This approach bypasses much of the upstream and downstream variability associated with CYP polymorphisms. In addition, it examines major intersections of drug therapy identifying potential bottlenecks in the ADME model. This approach cannot be expected to identify all specific toxicities or determine the specific dose needed for the individual patient since it does not account for receptor expression or downstream cellular signaling polymorphisms. However, it may allow for safer and more effective titration in an individual patient.
Clinical Setting
Limited study has been undertaken in clinically relevant patient populations, and population-based genomics studies have found poor correlation with clinical phenotypes. Most studies of CYP genotyping have been undertaken in healthy volunteers. No studies have yet sought to characterize CYP phenotype in ambulatory patient populations, the group most likely to benefit from identification of metabolic variation. The ED is an ideal place to study real-world patient populations with the drug interaction and drug efficacy issues raised above. The majority of ED patients have intravenous access obtained and undergo observation and treatment for several hours. This affords the opportunity to perform both genotyping and phenotyping studies accounting for interactions that are typically ignored in healthy volunteer studies.
CYP2D6 and the u-Opioid Receptor-Rational Targets for BSP Integration
The hepatic CYP2D6 enzyme metabolizes 25% of prescribed drugs. Classes of drugs metabolized by 2D6 are diverse and include antidepressants, antipsychotics, antiarrhythmics, β-blockers, and analgesics. This enzyme is highly polymorphic affecting at least 50% of the drugs it metabolizes. Polymorphisms in 2D6 have been linked to both ineffective drug therapy [51, 52] and drug toxicity [41, 53, 54] . Population genotypes are divided into four metabolic activities: poor metabolizer (PM), intermediate metabolizer, extensive metabolizer, and ultrarapid metabolizer (UM). Up to 19% of some ethnicities possess PM enzyme capacity and up to 16% possess UM capacity determined by genotype analysis. Using microarray assays, genotype correlates well with phenotype in healthy volunteer studies. However, significant discordance between genotype and predicted phenotype has been observed in various populations and in subjects receiving other medications [13, 14, 47, 55, 56] . This enzyme is an example of a hPpM trait that is responsible for drug metabolism affecting complex disease states [57] . CYP2D6 is ideal for characterization utilizing a systems approach because phenotype is partially predictable based upon characterization of allelic variation; it is a lowcapacity enzyme thus subject to saturation due to drug interaction. CYP redundancy exists, and phenotyping of enzyme activity is readily available.
The most commonly prescribed pharmaceutical in the ED is hydrocodone/acetaminophen [58] . The u-opioid receptor affinity of hydrocodone is two orders of magnitude lower than its CYP2D6 metabolite hydromorphone [59] , and thus, potency is largely dependent upon an individual's CYP2D6 enzyme function. Preliminary studies by AF Manini have demonstrated correlation of a u-opioid receptor single nucleotide polymorphism associated with respiratory arrest. Targeted genotyping to identify u-opioid receptor polymorphisms can be integrated with CYP phenotype and glomerular filtration rate (GFR) to predict drug exposure and subsequent response at the cellular level.
Putting It All Together
A BSP that includes characterization of DME phenotypes, opiate receptor polymorphism, and GFR can potentially identify patients that will not have drug efficacy at any dose and those at significant risk of toxicity. As outlined above, phenotyping can be performed rapidly, in the ED or office setting, with pharmacokinetic evaluation of probe drugs. The individual's phenotype will remain largely unchanged unless xenobiotic ingestions significantly change. Likewise, drug target genotyping can be rapidly performed and will not change in a patient's lifetime. Adding a measurement of drug clearance can account for variability of area under the curve and hence drug target exposure, due to decreased elimination. Ultimately, we must gain more knowledge about how upstream factors affect the concentrations at the drug target level. Theoretically, if one factor changes, the entire panel would not have to be repeated due to independence of the individual components of the panel. The BSP concept can serve as a prediction tool for expected active drug concentrations and subsequent pharmacodynamic effects at drug targets. One can see the potential power of this knowledge in an ED setting. An initial investment in individual patient characterization can lead to more efficient prescribing practices and fewer toxic effects.
Future Research Needs and Conclusions
The concept of individualized drug therapy has not become a reality due, in part, to the above limitations. Future studies on predicting drug efficacy must take into account the pharmacogenomic, pharmacokinetic, and pharmacodynamic factors as a system. Continued basic science research is necessary to identify significant polymorphisms at all stages of drug therapy. Researchers hoping to improve drug efficacy and minimize toxicity must utilize a translational approach integrating these factors. The role of targeted metabolomic studies to characterize DME activity is more likely to account for the complexity dictating drug effect.
Genotyping alone is unlikely to predict an individual's response to drug therapy. Characterization of phenotypes at complex intersections in conjunction with selective genotyping at simple intersections may improve medication efficacy and safety.
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